e unloading creep behavior of soft soil under lateral unloading stress path and excess pore water pressure is the core problem of time-dependent analysis of surrounding rock deformation under excavation of soft soil. e soft soil in Shenzhen, China, was selected in this study. e triaxial unloading creep tests of soft soil under different initial excess pore water pressures (0, 20, 40, and 60 kPa) were conducted with the K 0 consolidation and lateral unloading stress paths.
Introduction
Soft soil is a kind of regional special soil with significant rheological characteristics and widely distributed in China's Pearl River Delta, Yangtze River Delta, and other coastal areas. e total area of the coastal zone is about 280,000 km 2 , which is the most economically developed region in China. With the rapid development of economic construction, the abovementioned areas have carried out large-scale development of soft soil, such as soft soil deep foundation pits, underground shopping malls, and subway [1, 2] . e stress that soil body experienced is mainly an unloading process in the excavation of soft soil [3] .
e engineering practice
shows that the deformation, instability, and damage of the surrounding rock of soft soil do not occur immediately during the excavation or after the excavation, but they experience a period of history, that is, the unloading creep damage of soft soil occurs [4, 5] . Meanwhile, the high-level groundwater normally exists in soft soil areas, and the disturbance or vibration of construction will lead to large excess pore water pressure. e presence of pore water pressure will weaken the microstructure of the soft soil particles, and it can make the unloading creep damage of the soft soil extremely strong and even cause the rheological disasters. In 2003, Shanghai Metro Line 4 failed due to the freezing method, which caused the soft soil around the shield tunnel to withstand high-pressure water and caused rheological disasters [6] . erefore, the soft soil unloading mechanics caused by lateral unloading stress path and excess pore water pressure has become an inevitable problem in the design and construction of excavation of soft soil.
Studies have been conducted on di erent stress paths for soft soil since Lambe [7] proposed the concept of stress path.
e early research on soft soil theory mainly focused on the strength and characteristics of soft soil under the loading stress path (e.g. AE loading stress path in Figure 1 ) [8] . With the deep understanding of the creep behaviors of soft soil, scholars have realized that the actual unloading stress path is neglected. e stresses and strains calculated by using parameters and models obtained from conventional axial loading tests (AE loading stress path in Figure 1 ) are found to be signi cantly di erent from the actual ones. However, the in uence of the lateral unloading stress path on the creep behaviors of soft soil is neglected, which results in a theoretical di erence between the theoretical calculation results and the actual stress and deformation. erefore, selecting the stress path in accordance with the actual unloading process to explore the unloading creep behaviors of soft soil has attracted great attention from scholars and practical engineering.
Zhou and Chen [9] found that the creep e ect of soil under lateral unloading conditions was signi cantly higher than that of axial loading through triaxial undrained tests on soft soil in the Pearl River Delta. Negative pore water pressure was generated when the soil sample was subjected to undrained shear under lateral unloading conditions. However, their study did not further study the variation law of negative pore water pressure. Fu et al. [10] conducted a triaxial lateral unloading creep test on soft soil in Shanghai, China. eir results showed that the creep of soft soil after unloading was divided into three stages: attenuation creep, constant velocity creep, and accelerated creep. During the creep process, the pore pressure coe cient changed with time. Zeng et al. [11] conducted a series of experiments on the mechanical properties of soft soil in Guangzhou at di erent consolidation conditions. eir results showed that the lateral unloading would increase shear stress and decrease volume stress, which could result in a dilatancy in the soil. e coe cient of pore water pressure was related to the consolidation state, but they did not study the variation law of pore water pressure coe cient.
e weakening e ect of excess pore water pressure on soft soil in actual engineering is accompanied by the whole process of unloading creep of soft soil, which is very important to clarify the mechanism of unloading creep damage of soft soil. Li et al. [12] studied the changes of pore water pressure of clay subgrade in the process of dynamic vibration of construction and indicated that the dissipation time of excess pore water pressure in clay formation is 20-40 h. Zhu et al. [13] reported the pore water pressure caused by construction vibration in saturated soft soil area. ey found that the distribution range of excess pore water pressure is around 43-64 kPa. Jian and Chang [14] analyzed the variation of soft soil strain and pore water pressure during the process of principal stress rotation. ey found that shear stress has a signi cant impact on the accumulation of pore water pressure. Yan et al. [15] studied the variation of excess pore water pressure in saturated soft clay. e results showed that in the triaxial tensile test, the excess pore water pressure generated by the change of the deviatoric stress is positive. Cai et al. [16] studied the e ect of consolidation stress paths on the shear characteristics of overconsolidated clay. ey reported that the increase of the ratio of vertical and radial consolidation stress (K) could lead to lower negative excess pore water pressures.
Previous studies mainly focused on the unloading mechanical properties of soft soil under single lateral unloading path or the distribution of excess pore water pressure caused by construction vibration. e quantitative analysis of the unloading creep of soft soil under the coupling of lateral unloading stress path and excess pore water pressure is sparse. erefore, this study considered the lateral unloading stress path and the excess pore water pressure caused by the construction in soft soil area in Shenzhen, China. A series of K 0 consolidation triaxial undrained unloading creep tests were carried out to investigate the e ects of di erent initial excess pore water pressures, di erent consolidation conning pressures, and lateral unloading on the unloading creep behaviors of soft soil.
is research would provide theoretical guidance for the excavation of soft soil and further lay the foundation for the future numerical simulation analysis of soft soil unloading creep.
Materials and Methods

Soft Soil.
e test soils are taken from a soft soil foundation pit in Shenzhen. e soil is grayish black, smelly and contains a small amount of shells. In order to carry out su cient contrast test, the lateral unloading strength test under di erent consolidation con ning pressures and initial excess pore water pressures use disturbed soil samples. e natural density (ρ) and water content (w) of the soil sample are determined by the statistical average of the undisturbed soil. e above values are used as the expected values of the disturbed soil samples. e cutting-ring density method is used to measure the natural density (ρ), the drying method to measure the water content (w), the pycnometer method to measure the soil specific gravity (G s ), the GYS-2 photoelectric liquid-plastic limit instrument to measure plastic limit, the TSZ automatic stress-controlled triaxial apparatus to measure the undrained cohesion (c), and the friction angle (φ) and the variable head method to measure the permeability coefficient k. Other properties of soft soils are determined by Geotechnical Test Method Standard (GBT50123-1999). e physicomechanical properties of soft soil are summarized in Table 1 . e size of standard soil sample is 80.0 mm in height and 39.1 mm in diameter.
Specimen Design.
To carry out the mechanical properties of soil unloading in accordance with engineering practice, the stress path involved in excavation must be firstly analyzed. e unloading path of space under soft soil (such as a foundation pit) can generally be simplified to three unloading stress paths as shown in Figure 1 . e first is the AB stress path, which is the unloading path with only the lateral unloading of soil. e second is the AC stress path, which is the unloading path with the constant lateral load and the decrease of axial load. e third is the AD stress path, which is the unloading path with decreasing of both axial and lateral loads and accompanied by the rotation of the principal stress axis.
e AB unloading stress path involves analysis of lateral deformation and excavation stability of supporting structure.
erefore, this paper concentrated on the lateral unloading stress path (AB) in Zone I. According to study by Zhu et al. [13] and the actual construction of soft soil in Shenzhen, the excess pore water pressure of 17-64 kPa was monitored. erefore, four different initial excess pore water pressures are proposed, which are u 0 � 0, 20, 40, and 60 kPa, respectively, to explore the unloading creep mechanical properties of soft soil under the coupling of excess pore water pressure and lateral unloading path.
e TSZ automatic stress control triaxial instrument is used in this study. e range of the axial pressure sensor is 1 kN; the range of the displacement sensor is 50 mm; the engineering range of the confining pressure is 1 MPa; the resolution is 1 kPa; the volume range of the back-pressure system is 120 mm 3 ; the volumetric accuracy is 1 mm 3 .
Experimental Procedure.
e back-pressure saturation system of TSZ automatic stress control triaxial apparatus is selected to saturate the soil sample. e 110 kPa confining pressure and 90 kPa back-pressure are applied, and the saturation of the soil can reach 98%.
e three different consolidation confining pressures (σ 3 � 100, 200, and 300 kPa) are selected in this study.
e unequal consolidation (K 0 � 1 − sin φ ′ � 0.53) is used to restore the selfweight stress state of the soil. erefore, the final axial pressures are 189, 377, and 566 kPa.
After the consolidation of the corresponding confining pressure K 0 is completed, the upper and lower drain valves of the triaxial apparatus are closed, and the initial excess pore water pressures u 0 � 0, 20, 40, and 60 kPa are applied to the interior soil through the back-pressure system. e lateral unloading creep test under undrained conditions is conducted in 6-7 stages. e unloading rate is ∆q � 1 kPa/min. e duration of each stage after unloading is around 2-4 d, and the detailed unloading process is shown in Table 2 . e confining pressure, axial pressure, axial deformation, and excess pore water pressure are recorded during the tests until axial strain reaches 15%.
Results and Discussion
Study of Strain-Time Curve.
e unloading strain-time curves of soft soil under different initial excess pore water pressure with 100 kPa consolidation confining pressure are shown in Figure 2 . e unloading strain-time curves of the confining pressure of 200 kPa and 300 kPa are similar to that of 100 kPa. ey are not presented in this study. e deformation obtained from the triaxial creep test under the lateral unloading stress path can be divided into instantaneous deformation and unloading creep. e unloading creep of soft soil can be divided into three stages: attenuation creep, constant velocity creep, and failure creep. It can be seen that attenuated creep and failure creep occur mostly, and the constant creep happens only once in A5 unloading of Figure 2 (c). Fu et al. [10] studied the unloading process of soft soil in Shanghai, China.
ey pointed out that constant creep would not occur during soft soil unloading creep, which is opposite to the results in this study.
is could be due to that the loading time of each stage is too short in their study. Meanwhile, the unloading creep of soft soil is related to deviatoric stress (q � σ 1 −σ 3 ). In the case of A1 unloading in Figures 2(a)-2(c) , when the deviatoric stress is low, it exhibits attenuated creep, and the amount of creep deformation is very small. In the case of A5 and A6 in Figure 2 (a), when the deviatoric stress increases, the creep deformation of the soft soil becomes greater, and the time required to reach the stable condition is longer, but the stage is still in the attenuated creep stage. In the case of A7 in Figure 2 (a), A6 in Figure 2 (b), and A5 in Figure 2(d) , when the deviatoric stress approaches the ultimate load, the creep deformation of the soft soil increases sharply within a few minutes until damage occurs, which is the failure creep.
e initial excess pore water pressure has an obvious weakening effect on the unloading creep of soft soil. Under the same consolidation confining pressure, the unloading creep deformation of the soft soil produced by the same deviatoric stress is greater while the initial excess pore water pressure increases. e higher initial excess pore water pressure is more likely to cause unloading creep damage. For example, in A4 unloading of Figures  2(a)-2(d) , the creep deformation generated at the initial excess pore water pressures u 0 � 0, 20, 40, and 60 kPa are 0.33%, 2.41%, 5.14, and 9.74%, respectively. erefore, the initial excess pore water pressure in soft soil should be reduced as much as possible to prevent unloading rheological damage in actual engineering.
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Under high initial excess pore water pressure, the soft soil can produce large creep deformation under low stress, which is beneficial to the discovery of unloading creep damage of soft soil in practical engineering. However, it is not easy to find unloading creep damage of soft soil under the low initial excess pore water pressure. For example, in Figures 2(a) and 2(b) , the deformation of the soft soil after the first three stages of unloading is very small. With the accumulation of lateral unloading, the unloading creep of the soft soil gradually increases and eventually occurs unloading creep damage. e unloading creep damage of soft soil is more concealed and sudden under low initial excess pore water pressure.
erefore, during the actual unloading excavation process, the soft surrounding rock should be supported in time to prevent excessive lateral deformation and the soft soil unloading damage.
Study of Deviatoric Stress-Strain Isochronal Curve.
It is incapable of studying the nonlinear creep properties of soft soil through strain-time curve. Zou et al. [17] and Dob et al. [18] reported that the creep of soft soil is nonlinear, and the linear creep only occurs at very lower stress. e lateral unloading creep deviatoric stress-strain curves of soft soil under different initial excess pore water pressures at consolidation confining pressure 100 kPa are shown in Figure 3 . When the deviatoric stress is low, the curve can be approximately defined as a straight line, and the creep behaviors of soft soil exhibit linear viscoelastic properties. When the deviatoric stress is relatively high, the curve gradually changes from a straight line to a curve. e unloading creep characteristic exhibits strong nonlinear viscoplasticity, and the bending origin of the curve corresponds to the yield stress (σ s ) of the soft soil unloading creep. Wang et al. [19] reported a similar result in studying the creep behaviors of loess. eir study also indicated that the yield stress of loess is significantly higher than that of soft soil at confining pressure of 100 kPa. e unloading creep behaviors of soft soil are not only related to the deviatoric stress, but also closely related to time. e tangent slope at any point of the curve is defined as the viscoelastic modulus of the creep curve (E vel (t)). It can be seen from Figure 3 that at any deviatoric stress level, the E vel (t) of soft soil creep decreases with time, especially at a higher level of deviatoric stress. It also indicates that the nonlinearity of soft soil unloading creep increases with time.
e initial excess pore water pressure also has a significant weakening effect on the yield stress (σ s ) of soft soil unloading creep. Table 3 shows the relationship between the initial excess pore water pressure and the yield stress (σ s ). It is found that the soft soil yield stress (σ s ) decreases linearly with the increase of the initial excess pore water pressure. Meanwhile, the slope of the fitting relationship tended to increase with the confining pressure, indicating that the effect of excess pore water pressure on the yield stress is greater at a high confining pressure.
Change of Excess Pore Water Pressure.
e pore water pressure-time curve under different pore water pressures with 100 kPa consolidation confining pressure is shown in Figure 4 . From the whole process of unloading creep behavior of soft soil, the excess pore water pressure generally shows a downward trend with the intensification of lateral unloading of soft soil. is is mainly due to the reduction of the lateral restraint of the soil and the dilatation of the soil. Especially when the creep failure of the soil sample is about to occur, the high stress can immediately cause excessive plastic shear deformation of the soil, and the excess pore water pressure will drop sharply. According to the principle of effective stress of Terzaghi, while the excess pore water pressure drops dramatically, the effective stress will suddenly increase, which may cause the unloading creep failure of the soil. erefore, the excess pore water pressure should be closely monitored in actual engineering to prevent the creep failure of soil. Figure 5 showed the pore water pressure-time curve at initial excess 3 ) 
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pore water pressure (40 kPa). At the initial stage of each stage unloading, all excess pore water pressures suddenly drop. When they drop to the lowest value, the excess pore water pressure gradually rises and remains stable. e excess pore water pressure drops slightly in the A1-A3 level but drops sharply in the A4 and A5 levels. is is consistent with the results of creep deformation of soft soil in Figure 2(c) . erefore, when the soft soil unloading creep increases, the volumetric volume expansion of the soil will increase, resulting in an increase in excess pore water pressure. e above changes in the excess pore water pressure are related to the unloading creep mechanism of soft soil. e unloading creep of soft soil actually is the process of damage and self-healing e ect of the grain structure inside the soil. After the lateral unloading occurs, the force balance between the soil particles is broken, and the soil particles try to adjust the relative position to reach a new balance. When the selfhealing e ect of the soil is greater than the damage e ect, the soil will enter the attenuated creep stage, the deformation tends to a stable value, and the excess water pressure will rise slightly. is process is particularly evident in the A1-A3 level where the initial excess pore water pressure is 40 and 60 kPa. When the damage e ect is greater than the self-healing e ect, the new balance can not be achieved by the adjustment of the soil particles. e plastic deformation caused by shearing will directly appear as a dilatancy phenomenon, resulting in a sharp decrease in the excess pore water pressure as shown in the A5 level of Figure 5 .
Skempton [20] analyzed unloading problems of clay soil and de ned the excess pore water pressure as erefore, the equation can be rede ned as Δu Δσ 3 + A(Δσ 1 − Δσ 3 ), where A is the pore pressure coe cient, σ 1 is the axial pressure, σ 3 is the con ning pressure, and u is the excess pore water pressure. e relationship between pore water pressure coe cient and time is shown in Figure 6 . It can be seen that the highest pore water pressure coe cient is found at excess pore water pressure (20 kPa) and the lowest at excess pore water pressure (60 kPa). Moreover, the pore water pressure [10] reported the pore water pressure coe cients to be around 1.0-1.3. e coe cients found in this study are generally lower than the reported ones. is could be due to that the initial excess pore water pressure is not applied in their study.
In uence of Consolidation Con ning Pressure on Creep.
e creep deformation of soft soil under lateral unloading is not only related to axial stress and initial excess pore water pressure, but also closely related to the consolidation con ning pressure of soft soil.
e comparison of axial strain at di erent con ning pressures under the same axial unloading stress is summarized in Table 4 . It can be seen that the higher excess pore water pressure can yield greater maximum strain at all consolidation con ning pressures. Meanwhile, the maximum strain increases with the decrease of consolidation con ning pressure under the same axial unloading stress with all initial pore water pressures. e greatest strain value happened at con ning pressure (100 kPa) is approximately two orders of magnitude higher than that at con ning pressure (300 kPa), indicating that the con ning pressure has a great in uence on the unloading and creeping behavior of soft soil. However, the higher con ning pressure can contribute to consolidating the soft soil samples. erefore, soft foundation treatment methods such as preloading and vacuum preloading can be implemented in advance to increase the degree of consolidation of soft soil during excavation of soft soil.
Conclusion
e undrained triaxial unloading creep tests of soft soil in Shenzhen, China, were conducted in this study. e e ect of di erent initial excess pore water pressures and the lateral unloading stress path was also studied. e following can be concluded:
(1) e unloading creep curve of soft soil under the lateral unloading stress path is closely related to the deviatoric stress. With the increase of the deviatoric stress, the creep can be divided into attenuated creep, constant velocity creep, and failure creep stages. Meanwhile, the creep deformation is also related to the consolidation con ning pressure. With the reduction of the con ning pressure, the soft soil is more prone to have unloading creep. (2) e initial excess pore water pressure has an obvious weakening effect on the unloading creep of soft soil. Under the same deviatoric stress, the unloading creep deformation of soft soil becomes larger with the increase of initial excess pore water pressure. (3) e unloading creep behaviors of soft soil are related to both deviatoric stress and time: when the deviatoric stress is lower than the yield stress, the deviatoric stress-strain curve exhibits linear viscoelastic properties. When the deviatoric stress is higher than the yield stress, it exhibits strong nonlinear viscoplastic properties. Meanwhile, the nonlinearity of unloading creep is gradually enhanced with the increase of time. (4) Under undrained conditions, the excess pore water pressure drops slightly in the early stage but drops sharply in the failure creep stage. Also, the pore water pressure coefficient decreases with the increase of the initial excess pore water pressure.
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